Actin has an ill-defined role in the trafficking of GLUT4 glucose transporter vesicles to the plasma membrane (PM). We have identified novel actin filaments defined by the tropomyosin Tpm3.1 at glucose uptake sites in white adipose tissue (WAT) and skeletal muscle. In Tpm 3.1-overexpressing mice, insulin-stimulated glucose uptake was increased; while Tpm3.1-null mice they were more sensitive to the impact of high-fat diet on glucose uptake. Inhibition of Tpm3.1 function in 3T3-L1 adipocytes abrogates insulin-stimulated GLUT4 translocation and glucose uptake. In WAT, the amount of filamentous actin is determined by Tpm3.1 levels and is paralleled by changes in exocyst component (sec8) and Myo1c levels. In adipocytes, Tpm3.1 localizes with MyoIIA, but not Myo1c, and it inhibits Myo1c binding to actin. We propose that Tpm3.1 determines the amount of cortical actin that can Insulin-stimulated glucose uptake in muscle and adipose tissue requires the movement of the glucose transporter, GLUT4, from intracellular storage vesicles (GSVs) to the cell membrane through an exocytotic pathway. The actin cytoskeleton has long been recognized as critical for GLUT4 vesicle trafficking and fusion with the surface † These authors contributed equally to this work. membranes of adipocytes and striated muscle (1-4). Insulin stimulation of muscle and fat cells leads to a rapid remodeling of the cortical actin cytoskeleton, and disruption of this remodeling with actin-depolymerizing (Cytochalasin D and Latrunculin A/B) and -stabilizing (Jasplakinolide) drugs inhibits GLUT4 trafficking and glucose uptake (1-4). Numerous studies indicate that actin is involved in the later steps of the pathway, particularly
the immobilization of GSVs at or near the plasma membrane (PM) via the exocyst complex (5) (6) (7) (8) (9) (10) . However, the composition of these actin filaments, how their structure and dynamics are regulated and what precise role they play in the exocytotic process are largely unknown.
We and others have shown in mammalian cells that tropomyosin (Tpm) isoforms define the functional diversity of the actin filament network (11) (12) (13) (14) (15) (16) (17) (18) . Tpms can increase filament stiffness, protect filaments from the depolymerizing effects of ADF/cofilin and gelsolin (19) (20) (21) and influence myosin motor recruitment (11, 22) and mechanochemistry (23) (24) (25) . There is now clear evidence that specific differences between Tpm isoforms account for their differential impact on actin filament function.
Tpm3.1 (Tm5NM1) (see 26 for the new Tpm isoform nomenclature) promotes the inactivation of ADF-cofilin by phosphorylation leading to displacement of ADF-cofilin from the actin filament (11) . In addition, incorporation of Tpm3.1 into stress fibers in rat cortical neuronal cells leads to the specific recruitment of non-muscle myosin IIA motors, but not IIB motors, which promotes the contractility and stability of actin filaments (11) . In contrast, a Tpm that induces lamellipodia, Tpm1.12 (TmBr3), leads to a reduction in active myosin II levels (11) . Pelham et al. (27) showed that the expression of Tpm1.7 (Tm3), but not Tpm3.1, in NRK cells leads to dramatic retrograde transport of myosin I motors and organelles to the perinuclear region. In addition, Tpm2.1 (Tm1), Tpm1.6/1.7 (Tm2/3) and Tpm3.1 stabilized actin filaments at distinct stress fiber regions, whereas Tpm4.1 (Tm4) promoted stress fiber assembly by recruiting myosin II to stress fiber precursors. Elimination of any one of the Tpms fatally compromises stress fiber formation (22) .
The specificity of Tpm isoform function is also true in yeast where acetylation of the single Tpm protein results in distinct Tpm species. One Tpm isoform has been shown to inhibit the interaction of actin with myosin I motors (MyoIp), but favor the association (and ATPase activity) of myosin V motors (Myo51p and Myo52p) with actin filaments (28) . Furthermore, yeast uses the sorting of Tpm isoforms to regulate the recruitment of myosin II, but not myosin V, to the contractile ring in dividing cells (25, (29) (30) (31) . In addition, recent studies in yeast have demonstrated that the actin nucleators, the formins, dictate which Tpm isoforms are incorporated into growing actin filaments and consequently specify the functional properties of the actin filaments they generate (32) .
We previously described a population of cytoskeletal actin filaments in skeletal muscle fibers defined by the Tpm isoform Tpm3.1 that is located at the sarcolemma and T-tubule membrane (15, 33) , sites of glucose uptake in this tissue. Here we show that manipulation of this Tpm in transgenic (Tg) and knockout (KO) mice impacts on glucose clearance into skeletal muscle and epidydimal white adipose tissue (WAT). Studies in 3T3-L1 adipocytes show that Tpm3.1 alters insulin-dependent glucose uptake by regulating the accumulation of the GLUT4 glucose transporter at the PM. Inhibition of Tpm3.1 using a novel anti-Tpm drug prevents (41) insulin-stimulated translocation of GLUT4 to the PM. Furthermore, Tpm3.1 regulates actin filament levels and components of the exocyst complex in WAT including Myo1c that has been shown to regulate GLUT4 levels in the PM. Consistent with previous reports in other cell systems (11) we find here that Tpm3.1 localizes with MyoIIA in differentiated adipocytes. Additionally, we find that this Tpm inhibits Myo1c binding and restricts significant gliding of the motor. We propose that Tpm3.1 determines the number of cortical actin filaments that can engage MyoIIA and generate local contractile force, and in parallel limits the number of actin filaments that can interact with Myo1c. Consequently, we propose that the balance between these actin filament populations determines the efficiency of movement and fusion of GLUT4 vesicles with the PM.
Results

Tpm3.1 protects against the effects of high-fat feeding
To understand the role of Tpm3.1 in the maintenance of glucose homeostasis we performed glucose and insulin tolerance tests (GTT and ITT) on Tpm3.1 homozygous KO and wild-type (WT) control mice maintained on normal chow (8% energy as fat) or 9 weeks of high-fat diet (HFD) feeding (45% energy as fat) (Figure S1A glucose clearance between WT and KO mice ( Figure S1B ). Insulin sensitivity was also unchanged in the KO mice, there being no difference in the area-above-the-curve (AAC) for ITT between KO and WT mice ( Figure  S1C ,D). After HFD, as expected, WT mice cleared glucose less well than chow-fed mice (AUC normal chow 1564 ± 120 mM min; AUC HFD 2338 ± 153 mM min, p < 0.05). Significantly, the HFD had a greater effect on glucose homeostasis in KO than WT mice; the KO mice cleared glucose substantially less well than WT mice ( Figure 1A ,B) at least in part due to decreased insulin sensitivity ( Figure 1C ,D).
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To determine whether the poor glucose clearance in KO mice on a HFD was due to decreased uptake into insulin-responsive tissues, we measured 3 H-2-deoxyglucose (2-DG) uptake into skeletal muscle, epidydimal WAT and heart during a GTT ( Figure 1F ). We first established that expression of Tpm3.1 was absent from these tissues using an antibody (CG3) recognizing all cytoskeletal Tpm isoforms produced by the Tpm3 gene (including Tpm3.1) ( Figure 1E ). The absence of a band in the western blots of KO tissue using the CG3 antibody also indicated that no other cytoskeletal isoforms from the Tpm3 gene (Tpm3.3-3.9) were expressed to compensate for the absence of Tpm3.1. Uptake of 2-DG into skeletal muscle, WAT and heart was significantly decreased in HFD-fed KO compared with HFD-fed WT mice ( Figure 1F ). Together these data indicate that loss of Tpm3.1 increased the sensitivity of mice to the detrimental effects of HFD feeding on glucose clearance in skeletal muscle, WAT and heart.
Tpm3.1 promotes increased glucose clearance and glucose uptake into insulin-responsive tissues
We examined glucose metabolism in normal chow-fed Tg mice expressing human Tpm3.1 under the control of the β-actin promoter (11) . In this mouse, there was a 3.5-, 6.3-and 4.2-fold increase in Tpm3.1 protein levels above endogenous in WAT, heart and skeletal muscle, respectively ( Figure 2A ). Glucose clearance was increased in heterozygous Tpm3.1 Tg mice ( Figure 2B ). This was reflected as a significant decrease in AUC of the GTT in Tg compared with WT littermate controls ( Figure 2C ). To examine whether the increased clearance was due to increased insulin sensitivity we then performed ITTs. These tests showed that the Tg mice cleared glucose more rapidly than the WT mice in response to the insulin injections ( Figure 2D ) resulting in a significantly increased AAC for the Tg versus WT mice ( Figure 2E ). The increased glucose clearance and insulin sensitivity were also observed in mice of a different genetic background (FVB/N versus C57Bl/6). Figure S2A ,B shows a dose-dependent impact of the Tpm3.1 transgene on glucose clearance in a GTT on the FVB genetic background. Increased clearance was also observed in an ITT on the FVB background ( Figure  S2C ,D). We also tested whether the effect of Tpm3.1 was due to overexpression of a Tpm per se by examining glucose clearance in a Tg mouse line expressing an unrelated Tpm isoform, Tpm1.7 (Tm3), in muscle (33) and WAT ( Figure 3A ). In this mouse line, there was no impact on glucose clearance compared with WT controls ( Figure 3B ,C), providing support that the effect on glucose clearance is not simply due to Tpm overexpression, but is specific to Tpm3.1.
We examined glucose uptake in the tissues of the Tpm3.1 Tg mice. 2-DG uptake in skeletal muscle, WAT and heart of these mice during a GTT was significantly increased compared with WT controls ( Figure 2F ). This was at least in part due to increased insulin sensitivity in these tissues as 2-DG uptake was also increased in the Tg mice during an ITT ( Figure 2G ). Taken together, the data demonstrate that Tpm3.1 can positively regulate glucose uptake in mouse tissues.
Tpm3.1 has little impact on animal activity or whole body oxidative metabolism
Food intake, activity (ambulatory movements) and whole body oxidative metabolism (O 2 consumption and respiratory exchange ratio, RER) were measured in Tg and KO mice by indirect calorimetry. In the Tg mice on normal chow, food intake, O 2 consumption and
Figure 1: Tpm3.1 protects against the effect of high-fat feeding on glucose clearance in WAT, heart and skeletal muscle. A) GTT and (B) AUC of the GTT for 16-week-old Tpm3.1 KO (ko/ko) and WT (wt/wt) mice fed a HFD (45% energy as fat) for 16 weeks showing decreased glucose clearance in KO mice (n = 5/group). C) ITT (1.5 U/kg body weight) and (D) AAC of the ITT for 16-week-old mice fed a HFD for 16 weeks showing decreased insulin sensitivity in KO mice (n = 5/group). E) Western blots of WAT, heart and skeletal muscle from WT and KO mice using the CG3 antibody that recognizes all cytoskeletal Tpm isoforms from the Tpm3 gene (Tpm3.1-Tpm3.9). Lack of a band in the KO tissues indicates that other cytoskeletal isoforms from the Tpm3 gene are not being expressed to compensate for the lack of Tpm3.1. F) 3 H-deoxyglucose uptake during a GTT in WAT, heart and skeletal muscle of 16-week-old WT and KO mice fed a HFD for 9 weeks showing decreased glucose uptake in tissues from the KO mice (n = 5-6/group). Data are mean ± SEM. Statistical significance is indicated by *p < 0.05 and +p < 0.01 (Mann-Whitney U test).
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Tropomyosin and Glucose Uptake ambulatory activity were unchanged compared with WT mice ( Figure S2E -G). There was also no difference in food intake, either normal chow or HFD, in the KO compared with WT mice ( Figure S1E ). Consumption of a HFD produced an expected decrease in RER compared with normal chow (0.810 ± 0.006 versus 0.903 ± 0.001, respectively) ( Figure S1F ), indicating that the mice were utilizing increased amounts of fat for energy requirements. However, there was no difference in oxidative metabolism (RER) or ambulatory activity between the KO and WT Traffic 2015; 16: 691-711mice ( Figure S1F ,G, respectively). These data indicate that altered food intake, activity and oxidative metabolism are not responsible for the altered glucose clearance in the Tg mice and the increased sensitivity of the KO mice to the effects of HFD feeding.
Tpm3.1 limits filamentous actin pool size in WAT
The actin cytoskeleton plays a major role in GLUT4 vesicle trafficking, particularly the later tethering and fusion stages of the exocytotic process (4). Tpm3.1 has been shown to alter F-actin pools in primary hippocampal neurons of the Tpm3.1 Tg mouse (34) . We therefore determined if altered levels of Tpm3.1 regulate actin filament levels in WAT of these mice. Compared with WT adipocytes, we detected a 30% increase (p = 0.019) and a 15% decrease (p < 0.001) in filamentous actin (detected with phalloidin) in the cell cortex of Tg and KO adipocytes, respectively ( Figure 4A ,B). This occurred without significantly altering the total levels of actin in the Tg and KO WAT ( Figure 4C,D) ; although, an indication of an increase (p = 0.16) was apparent in the Tg WAT ( Figure 4D ). However, the increase in filamentous actin in the Tg adipocytes was not unique to overexpression of Tpm3.1. Adipocytes in the Tpm1.7 Tg mice also showed an increased level of filamentous actin ( Figure 4E ,F), which was similar in level to that seen in Tpm3.1 Tg mice. Thus, while we cannot rule out a potential involvement of altered levels of filamentous actin in regulating GLUT4 trafficking and membrane exposure, it is clear that this process requires a specific actin filament population containing Tpm3.1, but not Tpm1.7.
Tpm3.1 does not affect insulin-stimulated Akt signaling
The main signaling pathway that is responsible for insulin-dependent glucose uptake in skeletal muscle and adipose tissue is the Akt pathway (35, 36) . Indeed, Akt2 has been shown to be necessary and sufficient for insulin-stimulated glucose uptake in adipocytes (36) . To test if altered Akt signaling was responsible for the increase in glucose uptake in the Tpm3.1 Tg mice, we examined insulin-stimulated Akt phosphorylation in WAT and skeletal muscle from these mice. Insulin stimulation (0.5 U/kg body weight, I.P.) led to a robust phosphorylation of Akt (Ser473) in WAT and skeletal muscle that was similar between WT and Tg mice ( Figure S3 ). Total Akt levels were also similar in WT and Tg mice and was unaffected by insulin stimulation ( Figure S3 ). These data show that Tpm3.1's effect on glucose uptake is not via altered Akt phosphorylation, but rather due to impacts on downstream events. The most likely candidate downstream event(s) is the involvement of Tpm3.1-containing actin filaments in the delivery of GLUT4 to the PM. This is consistent with the observed changes in filamentous actin in the Tg and KO adipocytes in vivo.
Tpm3.1 colocalizes with GLUT4 in mouse skeletal muscle and WAT
In keeping with Tpm3.1 having a role in glucose uptake, Tpm3.1 was colocalized with GLUT4 in both skeletal muscle and WAT ( Figure 5 ). In skeletal muscle, these two proteins were localized to striated structures ( Figure 5A ), which were previously defined as T-tubule membranes (15, 37) , the major sites of glucose uptake (38) (39) (40) . In WAT, fluorescence intensity line scans across adipocytes revealed regions at the PM where there was significant overlap of Tpm3.1 and GLUT4 ( Figure 5B ). In 3T3-L1 adipocytes, Tpm3.1 was located diffusely throughout the rest of the cell ( Figure 5C ). With insulin stimulation, there was a significant increase in Tpm3.1 at the cell cortex ( Figures 5C, 6A and 7A ). This insulin-dependent change in Tpm3.1 localization to the cell cortex is consistent with Tpm3.1 having a role in GLUT4 accumulation at the PM.
Treatment of adipocytes with a Tpm3.1 inhibitor abrogates insulin-stimulated GLUT4 accumulation at the PM and glucose uptake To more directly investigate the role of Tpm3.1 in glucose uptake we used a novel small molecule inhibitor, TR100. TR100 interacts with Tpm3.1 at its C-terminus and inhibits its ability to stabilize actin filaments (41) . Unlike other actin-destabilizing drugs (Cytochalasin or Latrunculin) it does not act on all actin filaments, only those containing Tpm3.1 or Tpms with similar structure (41) . In unstimulated cells (no insulin) 1-h treatment with the inhibitor led to a redistribution of Tpm3.1 to the cell cortex, confirming the impact of the inhibitor on Tpm3.1 organization in the cell ( Figure 6A ). Additionally, TR100 had a major impact on the organization of actin. The inhibitor led to a significant accumulation of F-actin in the cell interior and relative loss at the cell cortex ( Figure 6B ), consistent with Tpm3.1 having a role in inhibiting actin filament depolymerization (41) .
The inhibitor also affected insulin-stimulated GLUT4 translocation to the PM. In the basal state (minus insulin), TR100 had little effect on GLUT4 localization at the cell periphery or in the perinuclear compartment ( Figure 6C ). As expected, insulin treatment of non-inhibitor-treated cells (DMSO treated) led to a significant increase in GLUT4 at the cell cortex ( Figure 6C ). However, in the presence of the inhibitor (at 20, 50 and 100 μM), the amount of GLUT4 at the cell periphery during insulin stimulation was dramatically reduced (∼75% decrease in insulin-stimulated GLUT4 at the cortex with 50 and 100 μM TR100).
To determine whether this decrease in GLUT4 trafficking to the PM had a functional consequence we measured the impact of TR100 on insulin-stimulated glucose uptake in 3T3-L1 adipocytes. At both 20 and 50 μM, TR100 significantly decreased the rate of insulin-stimulated glucose uptake; there being a 55 and 70% decrease in insulin-stimulated glucose uptake at the two inhibitor doses, respectively ( Figure 6D ). Importantly, TR100 had no impact on basal glucose uptake ( Figure 6D ), overall adipocyte morphology ( Figure 6A -C) or cell viability (data not shown). This indicates that the effect of TR100 on insulin-stimulated events is not simply due to non-specific toxic effects of the inhibitor. We conclude that Tpm3.1 has a role in regulating insulin-stimulated GLUT4 accumulation at the PM and glucose uptake.
Tpm3.1 colocalizes with MyoIIA and its localization is disrupted by the Tpm3.1 inhibitor
Tpm3.1-containing actin filaments have been shown to recruit MyoIIA motors to actin stress fibers in neuroepithelial cells (11) . Here we found that MyoIIA was colocalized with Tpm3.1 in the cell interior ( Figure 7A , upper insert) and at the cell periphery ( Figure 7A , lower insert) in differentiated adipocytes. Similar to Tpm3.1, MyoIIA accumulated at the cell cortex with insulin stimulation ( Figure 7A ) and also with TR100 treatment ( Figure 7B ). Myo1c is known to be involving in tethering GLUT4 vesicles via the exocyst complex to the PM (5,9). Interestingly, Myo1c was not localized with Tpm3.1 ( Figure S4A ) and Myo1c localization was unaffected by TR100 treatment ( Figure  S4B ). TR100 also had no impact on the localization of Sec8 ( Figure S4C ), another component of exocyst complex. Collectively, these data indicate that Tpm3.1-containing actin filaments can selectively recruit myosin IIA motors to actin filaments in differentiated adipocytes.
Tpm3.1 regulates the levels of exocyst components
To determine if altered glucose uptake is due to impacts on specific pathways, we performed microarray gene expression profiling on WAT of Tg and WT mice. The complete list of significantly altered genes is available at the Gene Expression Omnibus (series record GSE25013).
To determine which functional categories of genes were significantly affected by Tpm3.1, we performed functional annotation of the differentially expressed genes (>1.5-fold change) using Ingenuity Pathway Analysis (http://www.ingenuity.com). The Gene Ontology categories significantly over-represented (enriched) in the differentially regulated genes were 'cellular metabolic', 'actin-filament-based, carbohydrate metabolic', 'glucose metabolic', 'regulation of transport' and 'exocytosis' ( Table 1) . The six genes in the 'exocytosis' class, Myo1c, Exoc4 (Sec8), Exoc2 (Sec5), Myh9 (MyoIIA), Stx4a (Syntaxin 4) and Stxbp4 (Synip) ( Table 2) , have all been implicated in GLUT4 exocytosis (42) . Western blotting showed that the protein levels of two of these components, Sec8 and Myo1c, were significantly elevated in the WAT of the Tg mice ( Figure 8A ), whereas significant decreases were observed in the KO mice ( Figure 8B ). There were no significant changes in the levels of Syntaxin 4, the t-SNARE that mediates GLUT4 vesicle fusion with the PM, MyoIIA (data not shown) and GLUT4 in Tg and KO WAT ( Figure 8A ,B).
Tpm3.1 inhibits the interaction between actin and Myo1c
Changes in the levels of Tpm3.1-containing actin filaments and exocyst components are compatible with their involvement in transporting and/or tethering GLUT4 vesicle at the PM via Myo1c. We therefore tested the ability of Myo1c to power the motility of Tpm3.1-containing actin filaments using an in vitro motility assay ( Figure 8C and Video S1). We found that higher surface densities of Myo1c were required to support in vitro actin gliding in the presence of Tpm3.1 ( Figure 8C ). Tpm3.1-inhibited actin filaments exhibited non-directional diffusional motion, indicating that Tpm3.1 inhibits the ability of Myo1c to enter into a force-generating state (Video S1). We conclude that while Tpm3.1-containing actin filaments can recruit MyoIIA (11 and Figure 7 ), they also function by restricting which actin filaments can bind Myo1c.
Discussion
Experiments in adipocyte and muscle cell culture systems have provided clear evidence for a role of the actin cytoskeleton in insulin-stimulated GLUT4 trafficking and glucose uptake (1) (2) (3) (4) 17, (43) (44) (45) (46) (47) (48) cytoskeleton in glucose uptake in vivo in animals has been more difficult to demonstrate in part due to the difficulty of targeting actin in the whole animal.
We have taken a different approach to understand the function of the actin cytoskeleton by targeting a core component of the actin filament, the tropomyosins. Tpms bind along the length of the actin filament and in an isoform-specific manner control the binding of myosin motors and actin-severing and actin-branching/nucleating proteins (12) . This 'gatekeeper' function (49) of Tpms on the actin filament provides the means to create structurally and functionally distinct actin filament populations based on Tpm isoform composition (12) . Previously, we identified a γ-actin filament population in skeletal muscle defined by the tropomyosin Tpm3.1 that is distinct from the actin filament of the sarcomere and is located at the plasma and T-tubule membranes, sites of glucose uptake in skeletal muscle (15, 33) . In this study, we demonstrate that this Tpm isoform regulates insulin-stimulated glucose uptake. Overexpression of Tpm3.1 in a Tg mouse increased glucose clearance and insulin-stimulated glucose uptake in skeletal muscle, WAT and heart. This effect is Tpm3.1 dose-dependent and specific to Tpm3.1 as glucose clearance is unchanged in a mouse that expresses an unrelated Tpm isoform, Tpm1.7. Loss of Tpm3.1 leads to increased sensitivity to the detrimental effects of high fat feeding on glucose clearance.
The poorer clearance of the Tpm3.1 KO mice on HFD is an important finding as it implicates the actin cytoskeleton in the development of insulin-resistant states. This agrees with a number of previous studies that have shown that chronic insulin or high-glucose treatment to 3T3-L1 adipocytes and L6 myotubes leads to depleted cortical F-actin abundance and decreased insulin-dependent glucose transport (1, 3, 50) . Furthermore, HFD fed insulin-resistant mice show reduced F-actin in skeletal muscle compared with normal chow-fed mice (51). Here we show that normally fed Tpm3.1 KO mice have decreased F-actin levels ( Figure 4 ) but no change to glucose clearance ( Figure S1 ). The HFD may have further depleted F-actin to a level that significantly impacted on glucose uptake.
Our data indicate that Tpm3.1 regulates glucose uptake via at least one step in GLUT4 trafficking. Firstly, Tpm3.1 is localized with GLUT4 in WAT and skeletal muscle. In 3T3-L1 adipocytes, there is increased translocation of Tpm3.1 from the cell interior toward the cell cortex in response to insulin consistent with involvement in GLUT4 exocytosis. However, the most direct demonstration of a role for Tpm3.1 in GLUT4 trafficking is the dramatic decrease in insulin-stimulated GLUT4 translocation to the cell surface and glucose uptake with the Tpm3.1 inhibitor, TR100. Importantly, TR100 has no effect on basal glucose uptake or basal GLUT4 localization, indicating that the drug has no general toxic effect on the cells and that its impact is specific to insulin-stimulated events.
TR100 is predicted to interact with the C-terminus of Tpm3.1 and has been shown to inhibit the actin filament-stabilizing action of Tpm3.1, leading to instability of Tpm3.1-containing actin filaments (41) . Thus, the inhibition of GLUT4 translocation and glucose uptake by TR100 is consistent with a requirement for stable Tpm3.1-containing actin filaments in GLUT4 trafficking and glucose uptake. This is supported by: (i) the data in the Tg mice where an increase in Tpm3.1-containing filamentous actin in WAT is associated with an increase in glucose uptake and (ii) the data in 3T3-L1 adipocytes where the anti-Tpm3.1 drug results in reduction in the cortical actin cytoskeleton and abrogation of insulin-stimulated glucose uptake. In addition, it has recently been demonstrated that insulin-induced GLUT4 exocytosis is accompanied by capping of Tpm3.1-containing actin filaments by Akt2-dependent phosphorylation of tropomodulin 3 which promotes actin filament stability (52 Altering Tpm expression alters actin filament dynamics. Tpm1.7 (Tm3) promotes the formation of short dynamic actin filaments (54), whereas elevated levels of Tpm4.2 (Tm4), enriched in the adhesion structures of osteoclasts (podosomes and sealing zones), result in thickening of these structures owing to an increase in F-actin (55) . Similarly, we found in primary cortical neurons and B35 neuroblastoma cells that an elevated level of Tpm3.1 promotes stress fiber formation and enhances tension-conferring myosin II activation and recruitment to stress fibers (11, 18, 34) . Here we show that Tpm3.1 colocalizes with MyoIIA in 3T3-L1 adipocytes and inhibition of Tpm3.1 function (with TR100) disrupts MyoIIA localization. In addition, Tpm3.1 has been shown to promote the stabilization of focal adhesions (56) . Tpm3.1 is thought to stabilize actin filaments by inhibiting the interaction of actin-depolymerizing factors such as ADF/cofilin and gelsolin with actin (11, (19) (20) (21) and promoting the recruitment of tropomodulins (Tmods) to the 'pointed' ends of actin filaments inhibiting pointed-end actin filament turnover (57) . In this regard, data in adipocytes (52) and in skeletal muscle (58) indicate that Tmod3 preferentially associates with Tpm3.1-containing actin filaments. Here we report that Tpm in vivo is limiting for the formation of filamentous actin in adipocytes, independent of the Tpm isoform. Remarkably, in the absence of Tpm3.1 there is a decrease in the levels of F-actin in adipocytes indicating that Tpm3.1 is required to maintain the pool of filamentous actin. This provides in vivo support for a model where increased levels of Tpm bind to and stabilize populations of Tpm-free F-actin and also drive actin polymerization toward increased filamentous actin (34) . Thus, altered levels of Tpm3.1 are expected to lead to altered levels of Tpm3.1-containing actin filaments and by association, altered levels of Tpm-free actin filaments.
There has been debate about the specific role of the actin cytoskeleton in GLUT4 trafficking (59, 60) . It has been suggested that actin functions as a 'track' for movement of GLUT4-containing vesicles from intracellular sites to the membrane or provides force for the later stage of fusion of vesicles with the PM. However, there is increasing evidence for a role of the actin cytoskeleton in the more distal steps of the GLUT4 trafficking pathway, particularly the tethering or docking of GLUT4 vesicles with the surface membranes (48, 60) . A key finding is that the actin-monomer sequestering drug Latrunculin B inhibits GLUT4 vesicle fusion, but not the movement of vesicles to the cortical region (4), suggesting that the formation of new actin filaments is crucial for either tethering and/or fusion of GLUT4 vesicles with the surface membranes. More recently, Boguslavsky et al. (5) showed that insulin reduces the mobility of GLUT4 vesicles at the sub-membrane region and that this immobilization is mediated by tethering of the vesicles to the cortical actin filament network via Myo1c.
Our data also show that the interaction between Myo1c and actin is inhibited by Tpm3.1. It is possible that the distribution between Tpm3.1-containing and Tpm3.1-free actin filaments may determine the efficiency of movement of GLUT4 through the cortical actin mesh to the membrane. This is consistent with the recent observation that the presence of Tpm1.6 (Tm2) on an actin filament makes these filaments inaccessible to Myo1c (61). Limiting the number of Myo1c-permissive filaments would be expected to make movement of Myo1c-containing filaments more coherent in the presence of a high density of non-competing Tpm3.1-containing filaments.
Conversely, the high density of Tpm3.1-containing filaments would be expected to promote engagement with MyoIIA motors (11) and the generation of cortical contractile force which may promote vesicle penetrance of the cortical mesh (see model, Figure 8D ). It has recently been shown that recruitment of MyoIIA to the cortical actin filaments in adipocytes is required for GLUT4-mediated glucose uptake (62) . Thus, the amount of Tpm3.1 may determine the amount of contractile force that can be generated by cortical actin filaments. It is also worth noting that our data show that Tpm1.7 can regulate the quantity of actin filaments, containing Tpm1.7, but does not impact glucose transport. This suggests that the interaction between MyoIIA-, Myo1c-and Tpm1.7-decorated filaments may be different than the interaction with Tpm3.1 filaments. This is consistent with other studies showing that the regulation of different myosin isoforms is Tpm isoform-specific (25, (29) (30) (31) . Thus, the use of different Tpms and generation of Tpm-free actin filaments provide spatial and temporal specification of the qualitative and quantitative properties of actin filament function depending on both the availability and quantity of specific Tpm isoforms (12) .
Materials and Methods
Antibodies and anti-Tpm compound
Tpm isoform-specific Tpm antibodies are described by Schevzov et al. The anti-Tpm compound TR100 has been designed to target Tpm3.1 using the sequence divergence at the C-terminus of cytoskeletal versus muscle Tpms. This compound targets Tpm3.1 and disrupts actin filaments by inhibiting the actin filament-stabilizing action of Tpm3.1 (41) .
Mice
Animal experiments were performed in accordance with the UNSW Australia Animal Care and Ethics Committee and the Australian National (11) and has been maintained on a FVB/N background for >10 generations. The Tg mice on the C57BL/6 background were generated from the FVB/N line by speed congenic backcrossing (at six generations mice were 99.9% congenic by SNP analysis) (Transgenic Services of Queensland, St Lucia, QLD, Australia). In the Tpm3.1 KO mice exon 9d from the Tpm3 gene, coding for Tpm3.1, is absent. These mice have been maintained on a C57BL/6 background for >10 generations. All mice were maintained in a temperature-controlled facility (22-24 ∘ C) on a 12-h (light 0700 h; dark 1900 h) cycle. Chow-fed mice received a normal chow diet (Rat Maintenance Diet, Gordon's Specialty Feeds) containing 8% fat, 21% protein and 71% carbohydrate (as calories) plus fiber, vitamins and minerals. High fat-fed mice received a custom-made HFD composed of 45% calories as fat, 20% protein and 35% carbohydrate made in-house as described by Turner et al. (67) . WT control mice for homozygous lines were age-matched mice of the same background strain bred in the same facility. For heterozygous Tg mice, WT littermate controls were used. Only male mice were used in this study.
Western blotting
For Tpm western blots, tissue was extracted in ice-cold extraction buffer (50 mM Tris-Cl, pH 7.5) and solubilized using a sonicator as described by Schevzov et al. (68) . For all other western blots, protein was extracted in radioimmunoprecipitation assay buffer (RIPA) [20 mM Tris pH 7.4, 150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% SDS, protease inhibitor tablet (Complete Mini Protease Inhibitor EDTA free tablet; Roche Diagnostics Corporation) and phosphatase inhibitor cocktail tablet (PhosSTOP; Roche Diagnostics Corporation)]. Epidydimal WAT, whole heart and tibialis anterior muscles were used for WAT, heart and skeletal muscle samples, respectively. The samples were homogenized in a volume of 20 times tissue weight with a plastic pestle and incubated for 20 min on ice. The insoluble matter was removed by centrifuging at 15 000× g at 4 ∘ C for 10 min. Protein concentration was determined using a BCA Protein Detection Kit (Pierce) and extracts were solubilized in SDS buffer (68) .
SDS-PAGE (12.5 or 7.5%) and western blotting were performed as described by Schevzov et al. (68) . Protein was transferred onto PVDF membranes (Millipore) and blocked in either 5% skim milk or 1% BSA in TTBS (100 mM Tris-HCl pH 7.5, 150 mM NaCl and 0.1% Tween 20) for 1-2 h. Blots were incubated (2 h, room temperature or 4 ∘ C, overnight) with primary antibodies diluted in TTBS (CG3, 1:100; γ9d, 1:500) or 1% BSA/TTBS (Akt, 1:1000; P-Akt, 1:1000; Sec8, 1:1000; Myo1c, 1:1000; Syntaxin 4, 1:2000). Blots were then incubated (1 h at room temperature) with HRP-labeled secondary antibodies (1:10 000 dilution) in either TTBS, for anti-Tpm antibodies, or 2% skim milk/TTBS for other antibodies, and then washed with TTBS (4 x 15 min). Antibody binding was detected by Western Lighting Chemiluminescence Reagent (PerkinElmer Life Sciences) and exposed to Fuji X-ray Film (Kodak). For the quantification of western blots, X-ray films were scanned and densitometry performed using the Molecular Imager Chemi-doc XRS and integrated software (Bio-Rad).
Glucose and insulin tolerance tests
GTT and ITT were performed in 14-16 h fasted mice as previously described (69) . Sterile glucose [2 g/kg body weight (BW)] or insulin (0.5 or 1.5 U/kg BW for normal and high-fat fed mice, respectively; Actrapid, Novo Nordisk) was injected (i.p.) into mice and blood samples were obtained from the tail tip at the indicated times. Glucose levels were measured using a glucometer (AccuCheck Performa; Roche Diagnostics).
In vivo glucose uptake during a glucose tolerance test
Measurement of glucose uptake into tissues is based on Cooney et al. (70) and To determine glucose-specific radioactivity (SRA) in blood, 3 μL of plasma was deproteinized with 200 μL of 3.5% ice-cold perchloric acid, centrifuged and the supernatant neutralized with 45 μL 2.2 M KHCO 3 .
Radioactivity was then measured in a scintillation counter (Perkin Elmer, Tricarb 2800TR). The plasma-glucose SRA (disintegrations/min/μmol) was calculated by dividing plasma radioactivity-AUC by glucose AUC over the 120 min of the experiment. 2-DOG is transported into tissues and phosphorylated, but does not enter glycolysis (72) . To determine tissue accumulation of 2-DOG-6-phosphate, 100-200 mg of tissue was homogenized in 2 mL of distilled water, and 1.6 mL of the homogenate was deproteinized with 1.6 mL of 7% ice-cold perchloric acid. The precipitated protein was removed by centrifugation, and 2.5 mL of the supernatant was neutralized for 30 min with 625 μL of 2.2 M KHCO 3 . The resulting precipitate was removed by centrifugation and the supernatant was divided into two 800 μL aliquots. Total radioactivity was measured on one aliquot and the other aliquot was passed through an AG 1-X8 anion exchange column (Bio-Rad) to remove 2-DOG-6-phosphate. The column was washed three times with 3 mL of distilled water and the radioactivity of the eluate was determined in a scintillation counter. The difference between total and eluted 3 H radioactivity represents the amount of 
Food intake, activity and indirect calorimetry
Ad libitum food intake, activity and indirect calorimetry were measured using the metabolic cage system (CLAMS) from Columbus Instruments as described (73) . Measurements were begun at 1600 h. The first of the measurement periods (24 h) was an acclimatization period and the last 24 h (0700-1900 h) was used for analysis. Activity (number of beam breaks) was recorded continuously in the X and Z directions. The calorimeter was calibrated before experiment with a standard span gas (0.50% CO 2 , 20.4% O 2 balanced with N 2 ) and cross calibrated with room air.
Immunohistochemistry
Mouse soleus muscle were fixed in 4% paraformaldehyde (PFA) (hindlimb muscles were stretched and held during fixation) and infused with 1.8 M sucrose/20% polyvinylpyrrolidone as described by Vlahovich et al. (74) . Semi-thin (0.5-0.8 μm) sections were cut at −60 ∘ C using an Ultracut UCT ultramicrotome (Leica) equipped with an EM FCS cryochamber (Leica). WAT was fixed in 10% buffered formalin and embedded in paraffin. 3T3-L1 adipocytes were fixed in 4% PFA at room temperature for 15 min and permeabilized and blocked (2% BSA and 0.1% saponin in PBS) at room temperature for 30 min.
Adipocytes on cover slips were blocked in 3% BSA in PBS overnight and incubated (1 h, room temperature) with primary antibodies diluted in PBS (GLUT4 and γ9d, both at 1:200 dilution) and then with Alexa-488-conjugated goat anti-mouse and Alexa-555-conjugated goat anti-rabbit secondary antibodies (1:500 dilution) in PBS (1 h, room temperature). Sections were washed three times with PBS and mounted with Immuno-Mount (Thermo Fisher Scientific). Filamentous actin was visualized in WAT sections using phalloidin (34) .
Microscopy and image analysis
Microscopy and imaging were performed using a Leica TCS SP5 (Leica) confocal microscope with 63x NA1.4 objective. To quantify the intensity of cortical staining in adipocytes five separate line scans were performed for each cell using ImageJ software, and the maximum fluorescence intensity at the cell cortex corrected for intensity of the cell cytoplasm was obtained. This was performed on 5-10 different cells for each treatment condition to obtain the mean fluorescence intensity. The extent of colocalization of two proteins was determined using ImageJ colocalization analysis plug-in (75) . Results are presented as Pearson correlation coefficients, which represent the linear relationship of the signal intensity from the green and red channels of the analyzed image. At least 20 cells were analyzed for each condition.
Cell culture
The 3T3-L1 cells (passages 8 and 11) were obtained from David James (Garvan Institute, Sydney, NSW) who originally obtained the cells from
Howard Green (Harvard University). 3T3-L1 fibroblasts were cultured in DMEM/high glucose supplemented with 10% (v/v) FBS, 50 mg/L penicillin and 50 mg/L streptomycin. Cells were maintained in a humidified atmosphere with 5% CO 2 at 37 ∘ C. To maintain the proliferative potential of the cells, cultures were split three times per week and cells used only up to passage 21. For microscopy and imaging experiments, 3T3-L1 adipocytes were cultured and differentiated as described by Larance et al. (76) . Fully differentiated cells (8 days of differentiation) were treated with TR100 or vehicle (DMSO) for 1 h and fixed.
Insulin-stimulated glucose uptake in adipocytes
Insulin-stimulated glucose uptake was performed essentially as described by Shi and Kandror (77) . 3T3-L1 cells were grown and differentiated in 12-well plates and glucose uptake experiments were performed between days 8 and 10 of differentiation. 3T3-L1 adipocytes were incubated in serum-free DMEM for 1 h at 37 ∘ C and then with serum-free DMEM containing DMSO (control) or TR100 (20, 50 and 100 μM) for another hour at 
Illumina BeadArray analysis
Gene expression profiling was performed on epididymal adipose tissue from Tpm3.1 Tg (tg/tg) and WT control mice (14-16 h fasted, 4 months old, male mice; n = 5 and 4/group, respectively) using Illumina 46K mouse BeadArrays as outlined by Pearen et al. (78) . RNA was extracted using TRI-Reagent (Sigma Aldrich) according to the manufacturer's directions. RNA was purified using a mini-RNeasy kit (QIAGEN) according to the kit instructions. Integrity of the total RNA samples was assessed using the Agilent Bioanalyzer 2100 and RNA integrity scores above 7.8 were present in all samples. Amplified cRNA (1500 ng) was hybridized to Sentrix Mouse-6.v1 BeadChip arrays (Illumina).
BeadChip arrays were scanned with an Illumina BeadStation Scanner and the data imported into Gene-Spring GX v7. 
In vitro Myo1c motility assays
Constructs consisting of the motor domain and three IQ motifs of mouse MYO1C were expressed in Sf 9 cells, and purified as described (79, 80) . Non-muscle actin (human platelet) was purchased from Cytoskeleton
Inc. Human Tpm3.1 was expressed, purified and was reduced on the day of the experiment as previously described (41) . In vitro motility assays were conducted as previously described with the following modifications (80, 81) . Experiments were performed at 37 ∘ C in KMg25 buffer ( 
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Video S1: Myo1c-driven gliding assays. The rate of Myo1c-driven gliding of actin both in the presence and absence of Tpm3. ). An RER of 0.70 indicates that fat is the predominant fuel source, RER of 0.85 suggests a mix of fat and carbohydrates and a value of 1.00 or above is indicative of carbohydrate being the predominant fuel source. There was no significant difference between WT and Tg mice for RER at any time of day (n = 5-6/group). (G) Ambulatory activity for 14-week-old WT and Tpm3.1 Tg mice. Left: Activity averaged over 24 h; Middle: activity averaged over the light period (0700-1900 h); Right: activity averaged over the dark period (1900-0700 h) (n = 5 mice/group). There was no significant difference between WT and Tg mice for activity at any time of day. (1 h) on the localization of Sec8 in differentiated 3T3-L1 adipocytes in the absence (−ins) and presence (+ins) of insulin (100 nmol/mL for 30 min). Scale bars = 10 μm. TR100 had no impact on Sec8 localization.
